We report on an observation that the orientation of cell division is directed by small, applied electric fields (EFs). Cultured human corneal epithelial cells were exposed to a direct-current EF of physiological magnitude. Cells divided while attached to the culture dish, and most did so with a cleavage plane perpendicular to the EF vector. There are many instances in which cell divisions in vivo occur in the presence of direct-current physiological EF, for example, during embryonic morphogenesis, neuronal and epithelial differentiation, wound healing, or tumor formation. Endogenous physiological EFs may play important roles in some or all of these processes by regulating the axis of cell division and, hence, the positioning of daughter cells.
Controlling cell division is fundamental to normal development, and the regulation of the axes of cell division is considered to have major morphogenetic impact. For example, as mouse epidermis develops, a single sheet of cells is transformed into a stratified epithelium by altering the axis of cleavage by 90° (1) . Cleavage perpendicular to the sheet keeps the daughter cells in the sheet, and cleavage parallel to the sheet produces a second layer of cells. In the developing mouse central nervous system (CNS), choices regarding the axis of cleavage also are made and determine the fate of the daughter cells (2) . Daughter cells may remain within the germinative layer of cells in contact with the basement membrane, or, if cleavage is parallel to this plane, one cell is released from the germinative layer and differentiates to become a migratory neuron. This involves differential inheritance of several key cytoplasmic proteins (e.g., numb, notch, prospero, miranda, staufen) that become distributed asymmetrically to the two poles before cytokinesis and that subsequently influence differentiation (3) (4) (5) . Indeed, there is evidence both from zebra fish neuroblasts and in corneal epithelium that clonally related groups of cells may divide in the same plane and at the same time and undergo subsequently similar migrations, indicating that the cell cycle may have a profound influence on morphogenesis in the CNS and the cornea (6, 7) . Potentially linked to this are the observations that certain major morphogenetic events involve marked shortening of the cell cycle, for example, during formation of the primitive streak and during neurulation and neural folding, where the period between cell divisions can drop to 3-5 hr (8, 9) . Even at the same developmental time but in different parts of the neural tube, substantial variations in cell cycle length are found (10) .
The extrinsic controls over cell division (and over the cell cycle) are not well understood. In Caenorhabditis elegans, the orientation of some cell divisions is determined by cell-cell contact during early embryonic development (11) (12) (13) , whereas in fucus, the plane of division of zygotes is directed by several natural, environmental vectors. These include influences from other zygotes up to several egg diameters away (the so-called group effects), remarkably unspecific influences from adult plants in the intertidal zone up to 10 mm or more away, and weak unilateral light (14) . In addition, the second and third cleavage planes of frog eggs recently have been shown to be affected by strong magnetic fields (15) . Here, we have tested the hypothesis that a small dc electric field may be one other extrinsic factor that can orient cell division. Part of the rationale is that primitive streak formation (16) and neurulation and maturation of the neural tube (17, 18) are both associated with the transient appearance of spatially restricted small dc electric fields (EFs), and both events require tight control of cell cycle length and the axes of cell divisions. Commonly, these endogenous physiological EFs arise from spatial differences in epithelial ion transport or from spatially separated leaky and tight areas of epithelium (19) . Given the spatial and developmental conjunction of directed cell divisions and endogenous dc EFs in vivo (see Discussion), we asked whether small dc physiological EFs can direct the axis of mammalian cell division by using a model tissue culture system. We found that corneal epithelial cells (CECs) divided with a cleavage furrow perpendicular to the EF vector.
MATERIALS AND METHODS
Cell Cultures and EF Exposure. Primary and transformed human CECs were cultured as described previously (20) . The chamber for EF application was formed by two parallel strips of cover glass fixed to the base of a tissue culture dish, 1 cm apart. Once cells adhered within the shallow trough, a third cover glass was added as a lid to create a thin, wafer-like chamber (22-mm long ϫ 10-mm wide ϫ 0.5-mm deep). The EF was applied from a dc power source via Ag͞AgCl electrodes in beakers of saline, which were connected to the ends of the galvanic chamber by using agar salt bridges. This isolates the cultures from electrode products. For some experiments, the galvanic chambers (see figure 1 of ref. 21 for details) were moved from the CO 2 incubator to the microscope stage about 20 hr after seeding. At this stage cultures possessed mostly single cells. Cultures with a sparse cell population were selected to ensure that individual cells were not affected by neighbor-neighbor interactions. Cell division was monitored continuously and photographs were stored in an image analyzer. The temperature was maintained at 37°C during the experiments by using a microscope stage incubator. Some experiments were carried out in a 37°C, 5% CO 2 incubator. In these cases, immediately after termination of EF exposure, cells were viewed, all double cells with clear evidence of a cleavage plane were photographed, and images were stored. The field strength used was 150 mV͞mm unless otherwise
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Quantification of Cleavage Orientation. The orientation of dividing cells with respect to the EF was defined as a function of cos [2(-90)], where is the angle between a line drawn through the cleavage plane and the EF vector. This gives a polarization index that varies from Ϫ1 to 1. A cell with its plane of cleavage parallel to the vector of the EF will have a polarization of Ϫ1, and a cell that divided with a cleavage plane exactly perpendicular to the EF vector will have a polarization of 1. A randomly oriented population of dividing cells will have an average polarization (defined by ⌺ n cos [2 (-90)]͞n, where n is the number of measurements) of 0. A population of dividing cells with cleavage planes, on average, perpendicular rather than parallel to the field direction will have a polarization value between 0 and 1; the higher the value, the more perpendicular cleavage was to the applied EFs. A population of dividing cells with cleavage planes, on average, parallel rather than perpendicular to the field direction will have a polarization value between 0 and Ϫ1, with Ϫ1 indicating all cells with a cleavage furrow exactly parallel to the EF.
The significance of this two-dimensional orientation distribution against randomness was calculated by using Rayleigh's distribution (21, 23) . A probability level of 0.001 was used as the limit for significant polarization.
Confocal Microscopy. Cells for immunofluorescence study were prepared as before (24) . Bovine CECs cultured on acid-washed glass slides within a galvanic chamber were exposed to EFs for Ϸ18 hr in a 5% CO 2 incubator, washed, and stained as before (24) . Filamentous actin (F-actin) was stained with rhodamine phalloidin from Molecular Probes, and TGFR II (transforming growth factor ␤ receptor type II) was stained with a polyclonal rabbit anti-human TGFR II from Upstate Biotechnology (cat. 06-277; Lake Placid, NY).
Cells were viewed with a Bio-Rad MRC 1024 confocal microscope. Cells stained with FITC or rhodamine were scanned by using a Krypton͞Argon laser (all line) with emission maximum at 520 and 590, respectively, with selective filters. Oil-immersion objectives (ϫ60 or ϫ100) were used in conjunction with an iris setting of 2-3.5 mm for image collection. Serial and vertical sections were collected and analyzed with Bio-Rad MRC-1024 LASERSHARP, Version 2.1a.
Statistical analyses were made by using unpaired, two-tailed Student's t test or Welch's unpaired t test, when SDs were significantly different from each other. Data are expressed as mean Ϯ SEM, unless stated otherwise.
RESULTS AND DISCUSSION
Nondividing epithelial cells normally established a long axis perpendicular to an applied EF (20, 21) . Fig. 1 shows a representative sequence of human CECs in primary culture, which divided in a physiological EF (150 mV͞mm). When these cells divided, they did so with a cleavage plane perpendicular to the field vector (Fig. 1, arrow) . This also was the case for a transformed human CEC line. The cleavage plane of cells cultured with no EF was oriented randomly (Fig. 2a) ; those of cells cultured in EFs lay predominantly perpendicular to the field vector (Fig. 2b) . This was analyzed further and quantified by measuring the angle formed between the cleavage furrow and the field vector (Figs. 2 and 3 ). For cells in control cultures (no EF; Fig. 2a) , an angle distribution (Fig. 3a) and a polarization value (see next paragraph) indicating random orientation of the cleavage furrow were obtained. However, cells cultured in EFs at 150 mV͞mm for 20 hr showed preferential orientation, with the cleavage plane aligned most often around 90°to the field vector (Figs. 2b and 3b) . We followed 18 dividing cells continuously on the microscope stage in EFs (nine experiments). Almost all of the cells aligned themselves with the division axis parallel to the field vector, thus with the cleavage angle perpendicular to the field vector (Fig. 3c) .
The cleavage orientation of dividing cells was analyzed by using Rayleigh's distribution (Materials and Methods). This yielded a mean polarization value (⌺ n cos [2 (-90)]͞n; see Thus, the orientation of cell cleavage was perpendicular to the EF vector, suggesting that the mitotic spindle had become aligned parallel to the field vector. How might this occur?
The mitotic spindle dictates the position of the cleavage plane, which occurs between the two asters at the poles of the spindle (12, 25) . Recently, in rat cortical neurons, the spindle was shown to rotate continually before settling in a particular plane (26) . Cell-cell contact can dictate the orientation of the mitotic spindle (13), and G proteins are required for correct spatial orientation of some early cleavages in C. elegans (27) . One interpretation is that an unidentified surface receptor becomes localized͞clustered by cell contact and signals through G proteins to create a ''cortical trapping zone,'' which captures either one centrosome or some portion of the cortical microtubule asters, thus defining the position of the mitotic apparatus. There is also substantial movement of cortical cytoplasm and a coordinated flow toward the developing cleavage furrow of preformed actin filaments; of actin-binding proteins, for instance, the ezrin, radixin, moesin family of proteins; and of surface receptors, e.g., for the lectin con A, integrins, and CD43 (28) (29) (30) (31) (32) (33) (34) . Intracellular calcium is elevated in areas that predict the site of first͞second cleavage in the fertilized medaka fish eggs (35) and zebra fish eggs (36) , and calcium buffer injections inhibit furrow formation in Xenopus 
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Cell Biology: Zhao et al. Proc. Natl. Acad. Sci. USA 96 (1999) eggs (37) . In addition to accumulating circumferentially at the furrow, actin filaments also elongate along the axis of the spindle microtubules (33) . Despite this detail, there is no clear picture of how these events are integrated to determine the axis of spindle orientation. In several cell types, physiological EFs redistribute surface receptors to one pole of the cell (24, 38, 39) and secondarily induce asymmetry of cortical, receptor-associated F-actin (40, 41) . How such events integrate with the surface and intracellular rearrangements occurring as cytokinesis proceeds is unclear. Shifting a particular class of receptor to one pole of a cell as it prepares to divide could be sufficient to induce a patch of cortical membrane that trapped one centrosome, or certain aster microtubules, and, therefore, determined the axis of spindle alignment. We have begun to investigate this possibility. TGF-␤ controls proliferation in CECs (42) , and the distribution of its receptors and of F-actin was studied in cells exposed to a small EF. In nondividing cells, staining for both TGFR II and F-actin was concentrated at the cathodal-facing side of cells cultured in EFs. In dividing cells, F-actin and TGFR II accumulated strongly at the cleavage site and at both poles of the daughter cells (Fig. 4 a-k) . By contrast, in both dividing (Fig. 4 m and n) and nondividing cells ( Fig. 4o ) in control cultures (no EF), staining for F-actin and TGF-␤ type II receptors was more diffuse and less polarized, although there was some accumulation of F-actin in the cleavage furrow (Fig. 4m) .
Aster microtubules also are potential downstream targets (secondary to surface receptor rearrangements) whose polarization and function may be affected by a physiological EF. In Xenopus epithelial melanocytes, pigment granules, which are transported in a microtubule-dependent manner, moved rapidly toward a focal micropipette acting as a cathodal dc electrode (C.D.M., unpublished data).
Two issues are relevant regarding the cellular targets of endogenous EFs in dividing cells. First, there is a transient 30% increase in cell surface negativity as cells prepare to divide (43) . Additionally, tumor cells with short cell cycles show a sustained 100% increase in surface negativity, a part of which may be due to high levels of expression of the linear, negatively charged polysialic acid͞neural cell adhesion molecule (43) (44) (45) . In addition to altering receptor mobility, dynamic or static alterations to cell surface charge may induce local EFs around dividing single cells or groups of cells (e.g., tumors).
Physiological Significance. Several examples argue for a physiological role for EF-induced regulation of the axis of cell division in vivo. During neurulation in zebra fish, rat, and chick, neuroepithelial cell divisions occur either along a rostrocaudally oriented spindle axis or at 90°to this, mediolaterally (46) (47) (48) . Intriguingly, by measuring spatial variations in the trans-epidermal potential difference across the developing amphibian neural plate, two orthogonal EFs with rostrocaudal and mediolateral vectors also have been demonstrated (18) . Perhaps they are linked causally. In adult myelinated nerve, Schwann cells divide along a mitotic spindle oriented parallel to the nerve (49) . Mitosis is controlled, in part, by electrical activity of the nerve, because when this is inhibited by using tetrodotoxin, cell division is inhibited (50) . One element of action potential activity in myelinated nerves is that saltatory conduction between nodes involves extracellular current flow and will establish pulsed, extracellular EFs oriented parallel to the nerve, which could influence Schwann cell mitotic spindle orientation. A third example occurs during corneal epithelial wound healing. DNA synthesis and mitotic activity near a wound edge increased markedly during the first 12 hr (51). During in vitro corneal wound healing, dividing cells were observed at the leading edge (52) . Corneal epithelial wounds generate dc EFs because of the local collapse of the transepithelial potential difference, which is steepest across the cells within the first few hundred micrometers of the wound edge (53) . In similar applied EFs, cultured CECs show directed migration (20, 21, 54) . The present results indicate that the direction of cell division also may be oriented toward the wound edge by wound-induced dc EF.
